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Biophysical modellingTraditionally functional magnetic resonance imaging (fMRI) has been used to map activity in the human
brain by measuring increases in the Blood Oxygenation Level Dependent (BOLD) signal. Often accompanying
positive BOLD fMRI signal changes are sustained negative signal changes. Previous studies investigating the
neurovascular coupling mechanisms of the negative BOLD phenomenon have used concurrent 2D-optical im-
aging spectroscopy (2D-OIS) and electrophysiology (Boorman et al., 2010). These experiments suggested
that the negative BOLD signal in response to whisker stimulation was a result of an increase in deoxy-
haemoglobin and reduced multi-unit activity in the deep cortical layers. However, Boorman et al. (2010)
did not measure the BOLD and haemodynamic response concurrently and so could not quantitatively
compare either the spatial maps or the 2D-OIS and fMRI time series directly. Furthermore their study utilised
a homogeneous tissue model in which is predominantly sensitive to haemodynamic changes in more super-
ﬁcial layers.
Here we test whether the 2D-OIS technique is appropriate for studies of negative BOLD. We used concurrent
fMRI with 2D-OIS techniques for the investigation of the haemodynamics underlying the negative BOLD at 7
Tesla. We investigated whether optical methods could be used to accurately map and measure the negative
BOLD phenomenon by using 2D-OIS haemodynamic data to derive predictions from a biophysical model of
BOLD signal changes. We showed that despite the deep cortical origin of the negative BOLD response, if an
appropriate heterogeneous tissue model is used in the spectroscopic analysis then 2D-OIS can be used to
investigate the negative BOLD phenomenon.
© 2012 Elsevier Inc. Open access under CC BY license.Introduction
Functional magnetic resonance imaging (fMRI) uses localised
haemodynamic changes occurring in response to neuronal activity
to identify task speciﬁc, active areas of the brain. The widely applied
Blood Oxygenation Level Dependent (BOLD) fMRI signal (Kwong
et al., 1992, Ogawa et al., 1992) exploits the paramagnetic properties
of deoxy-haemoglobin (Pauling and Coryell, 1936, Weisskoff and
Kiihne, 1992) as a marker of neuronal activity. Localised changes in
blood oxygenation (Y) resulting from a mismatch of changes in cere-
bral blood ﬂow (CBF), volume (CBV) and the metabolic rate of oxygen
consumption (CMRO2) (Buxton et al., 1998) generate a positive BOLD
signal change. Often accompanying the positive BOLD signal change
are sustained negative signal changes (Alonso Bde et al., 2008, Harel
et al., 2002, Kastrup et al., 2008, Pasley et al., 2007, Shmuel et al.,fﬁeld, Western Bank, Shefﬁeld
rley).
 license.2002, 2006, Smith et al., 2004). The negative BOLD signal is usually,
but not exclusively found in cortical regions adjacent to areas of pos-
itive BOLD signal change (Smith et al., 2004). Boorman et al. (2010)
found (in a rodent model) the negative BOLD signal occurred in dee-
per cortical layers (1–2 mm) than the positive BOLD signal (0–1 mm).
It is uncertain whether this is true generally or speciﬁc to their rodent
model and/or stimulation paradigm. In the same study concurrent
electrophysiology and 2D-optical imaging spectroscopy (2D-OIS)
was used in separate subjects to investigate the underlying neuronal
activity and haemodynamics respectively. These experiments sug-
gested that the negative BOLD signal was a result of an increase in
deoxy-haemoglobin and reduced multi-unit activity in the deep cor-
tical layers. However, Boorman et al. (2010) did not measure the
BOLD and haemodynamic response concurrently and so could not
quantitatively compare either the spatial maps or the 2D-OIS and
fMRI time series directly. Furthermore the study utilised a homoge-
neous tissue model in which is predominantly sensitive to haemody-
namic changes in more superﬁcial layers (b1 mm) of cortex (Grinvald
et al., 1991, 2001, Mayhew et al., 1999). In the study reported below,
we use a heterogeneous tissue model (Kennerley et al., 2009) which
11A.J. Kennerley et al. / NeuroImage 61 (2012) 10–20has greater sensitivity in deeper cortical layers and use concurrent
2D-OIS and 7 Tesla fMRI.
2D-OIS in the visible wavelengths offers a measurement of changes
in total haemoglobin (HbT), akin to CBV changes (Kennerley et al.,
2005), and blood oxygenation. The beneﬁts of the technique are two-
fold; data can be recorded with high temporal and spatial resolution;
it offers a much cheaper option than fMRI for the investigation of
the haemodynamic response in the animal model particularly when
combinedwithmulti-channel electrophysiology (which can be difﬁcult
with fMRI). It is therefore important to test whether this measurement
technique can used to ‘map’ all aspects of neuronal activity, including
the haemodynamics underling negative BOLD signal changes which
appear to be biased towards the deeper cortical layers.
To test whether the 2D-OIS technique is appropriate for studies of
negative BOLD the current study used concurrent fMRI with 2D-OIS
for the investigation of the haemodynamics underlying the negative
BOLD signal. We extend previously developed concurrent fMRI and
2D-OIS methods (Kennerley et al., 2005) for use at high magnetic
ﬁeld strengths (7 T). The increased 1H polarisation and signal to
noise ratio (SNR) of this higher magnetic ﬁeld strength allows for
more reliable measurements of small negative BOLD signal changes.
We investigated whether optical methods can be used to accurately
map and measure the negative BOLD phenomenon by using 2D-OIS
haemodynamic data to derive predictions from a biophysical model
of BOLD signal changes.
We used spatial and temporal 2D-OIS data as input into Monte
Carlo Simulations (MCS) of MR signal attenuation (Boxerman et al.,
1995) to predict concurrent positive and negative BOLD signal mea-
surements. It has been shown that such biophysical models can be
used to predict the superﬁcial 3 Tesla positive BOLD signal change
(Martindale et al., 2008). In the current study we tested whether
the model holds across ﬁeld strength by prediction of the 7 Tesla pos-
itive BOLD signal from the 2D-OIS data. This justiﬁed the use of the
MCS of MR signal attenuation model to evaluate whether 2D-OIS
measurements have the depth sensitivity to accurately measure the
haemodynamic response to study and investigate the negative BOLD
signal by comparing MR model prediction to the measured negative
BOLD signal changes. We also compared the predictions derived
from 2D-OIS data analysed with either a heterogeneous and homoge-
neous tissue model (parameterised with both functional and struc-
tural MRI data — Kennerley et al., 2009). Note that the same
baseline blood volume and oxygenation parameters were used in
both the MCS of MR signal attenuation and OIS tissue models, for
both positive and negative signal changes.
The results showed that 2D-OIS data, when analysed using a hetero-
geneous tissue model, could be used to investigate the negative BOLD
phenomenon. In contrast, analysis using a typical homogeneous tissue
model generated predictions which signiﬁcantly under-estimated the
magnitude of both the positive and negative BOLD signal changes.
Material and methods
Animal surgery
All aspects of these methods and their development were per-
formed with UK Home Ofﬁce approval under the Animals (Scientiﬁc
Procedures) Act 1986. Female hooded Lister rats (total n=10)
weighing (250–400 g) were kept in a 12 h dark/light cycle, at a con-
stant temperature of 22 °C, with food and water ad libitum. Prior to
surgery, animals were anesthetised with urethane (1.25 g/kg i.p)
with additional doses of 0.1 ml administered as necessary. A single
sub cutaneous injection of Atropine (0.4 mg/kg) reduced mucous
secretions throughout the experiment. Rectal temperature was main-
tained at 37 °C throughout surgical and experimental procedures
using a homeothermic blanket (Harvard Apparatus Inc, USA). Ani-
mals were tracheotomised to allow artiﬁcial ventilation. Ventilationparameters were adjusted to maintain blood gas measurements
(taken periodically throughout the experiment) within physiological
limits (pO2=105 mm Hg±4; pCO2=38 mm Hg±5). The left
and right femoral veins and arteries were cannulated facilitating
drug infusion and measurement of mean arterial blood pressure
(MABP) respectively. Phenylephrine (0.13–0.26 mg/h) was infused
to maintain blood pressure between physiological limits (MABP,
100–110 mm Hg) (Golanov et al., 1994, Nakai and Maeda, 1999).
Animals were placed in a stereotaxic frame (Kopf Instruments,
USA). The skull overlying the right somatosensory cortex was thinned
to translucency with a dental drill under constant cooling with saline.
An RF surface coil, integrated into a 20 mm diameter Perspex well
was ﬁxed to the animals' head using dental cement, ensuring that
the thin window lay in the centre of the well.
Physiological monitoring within the magnet
Upon completion of the coil attachment procedure the animal was
secured within the magnet-compatible holding capsule (Fig. 1a). In-
side the capsule an electrically ﬁltered and isolated heating blanket
(Harvard Apparatus Inc. USA) and rectal probe, maintained the tem-
perature of the animal. The animal was artiﬁcially ventilated (Zoo-
vent Ltd, UK) and blood pressure monitored throughout using a
pressure transducer attached to the arterial cannulae (CWE systems
Inc. USA). A pressure sensitive pad was placed under the animal
to monitor breathing patterns whilst inside the magnet bore (SAII,
USA — Model 1025L Monitoring and Gating System). The surface
coil was locked to a holding bridge, using a screw on locking ring,
thus suspending the head of the animal in the approximate centre
of the holding capsule and thus magnet centre following insertion.
A non-magnetic endoscope (see below), inserted into a protective
Perspex banjo, was subsequently positioned over the surface coil
and held in place with locking screws (Fig. 1b). This formed a well
which was ﬁlled with Deuterium oxide (D2O) having a similar refrac-
tive index to saline. This reduced optical specularities from the skull
surface for 2D-OIS and air-tissue susceptibility artefacts (around the
thinned cranial window) for high ﬁeld fMRI whilst not being excited
by the 300 MHz RF pulses and consequently avoiding magnetic reso-
nance. The RF feeder cables for the surface coil were attached to the
tuning circuit.
The left whisker pad was stimulated with non-magnetic platinum
electrodes, insulated to within 2 mm of the tip, and inserted, in a
posterior direction, between whisker rows A/B and C/D, ensuring
the whole whisker pad was activated following electrical stimulation.
Four wavelength 2D optical imaging spectroscopy
Optical imaging spectroscopy (2D-OIS) is a well-established tech-
nique for monitoring changes in blood volume (Chance, 1991) and
saturation. The imaging technique has found application in the investi-
gation of the underlyingmechanisms of the haemodynamic response to
increased neuronal activation particularly in animal models (Berwick,
2005, Grinvald et al., 1991, Jones et al., 2001, Malonek and Grinvald,
1996, Malonek et al., 1997, Martin et al., 2002, Mayhew et al., 1999,
Nemoto et al., 1997). In the current study 2D-OIS was used to measure
changes in the concentration of total, deoxy- and oxy-haemoglobin
(HbO2, Hbr and HbT respectively). The cortex was illuminated with
a white light source built into a switching galvanometer system
(Lambda DG-4 Sutter Instruments Company) using 4wavelength ﬁlters
(λ— 495±31, 587±9, 559±16 and 575±14 nm). Image data capture
within the 310 mm bore of a 7 Tesla magnet (Bruker BioSpecAvance,
B/C 70/30 system)used amodiﬁed non-magnetic endoscope (Endoscan
Ltd, London. Fig. 1c). The 50 K ﬁbre optic bundle had an active diameter
of 1 mm and a 7 mm object at a distance of 9.12 mm exactly ﬁlled
the window. The endoscope tip was a plastic square shaped sleeve


































Fig. 1. Schematic diagrams of apparatus including a) the magnet capsule containing a heating blanket and temperature probe to maintain the body temperature of the subject whist
in the MRI scanner. A large birdcage coil is used for RF transmission. A circular RF receiver coil on top of the subject's cranium is attached to a simple tuning circuit consisting of three
non-magnetic variable capacitors. The animal is held still within the magnet using b) a Perspex head-stage. The head-stage consists of the well attached to the subject's cranium
(with integrated surface coil). This is screwed onto the holding bridge of the magnet capsule to reduce movement artefacts during the experiment. The endoscope banjo can then be
lowered onto the locking screws to position it above the brain. Foam gaskets are used as required because the well is ﬁlled with D2O to reduce air-tissue susceptibility artefacts and
ensure good optical contact for c) the endoscope. The non-magnetic endoscope used for concurrent fMRI and 2D-OIS consisting of a 50 K ﬁbre optic bundle and a series of lenses and
prisms to allow perpendicular imaging within the small bore 7 Tesla magnet.
12 A.J. Kennerley et al. / NeuroImage 61 (2012) 10–20(Fig. 1b). The active circular window was 6 mm in diameter. This
allowed imaging of thewhole cranialwindowand therefore the concur-
rent technique did not require prior localisation of the area of activation.
The endoscope was attached to both the Galvanometer (for light trans-
mission) and a CCD camera (for light reception). The frame rate of the
CCD camera was 32 Hz, giving an 8 Hz effective frame rate for each
wavelength. The spectrographic data were recorded with a 2D spatial
resolution of ~80μm*80μm. Spectral analysis is based upon the path
length scaling algorithm (PLSA) described previously (Mayhew et al.,
1999) incorporating either a homogeneous or heterogeneous tissue
model; the later based on 3 Tesla MRI data (Kennerley et al., 2009).
The four wavelength image data set was analysed given the known ab-
sorption coefﬁcients for Hbr and HbO2 as well as parameterisingMonte
Carlo simulations of light transport through the two different tissue
models with baseline volume and blood oxygen saturation values
(Kennerley et al., 2009). This 3D simulation tracks photon transport
via a medley of events such as absorption, remittance, scattering andundisturbed propagation to give an estimate of the path length through
which the photon has travelled. The distributions of path lengths for a
large number of photons were simulated for a range of different tissue
parameters (absorption coefﬁcient, scattering coefﬁcient and anisotro-
py parameter — determining direction change following scattering)
over a range of wavelengths. The computed data is entered into a look-
up table (LuT). The estimated path-lengthswere then used in the Beer–
Lambert Law which relates the attenuation of light to the path-length,
absorption coefﬁcient and concentration of speciﬁc chromophores, to
determine changes and produce 2D maps of concentration of HbO2,
Hbr and HbT (Fig. 2) as a mean across stimuli (see Experimental
design).
A baseline oxygen saturation (Y0) of 50% was used and assumed to
be homogeneous through the cortex. This is in broad agreement with
recent studies (Sakadzic et al., 2010) and the classic study by Vovenko
(1999) whom both measured the mean oxygen tension pO2 for a
region of rat parenchyma as ~40 mm Hg. The oxy-haemoglobin
Fig. 2. Brain images of experimental orientation. Geometry is given in the anatomical
reference frame. An oblique slice covering the dorsal surface of the brain is used to
identify a coronal slice containing the whisker barrel cortex (2–3 mm back from the
bregma line). This in turn is used to locate a topographic slice over the right hand
cerebral hemisphere parallel to optical imaging plane. Apparatus allowing concurrent
optical imaging (see Fig. 1) is superimposed onto the coronal MRI section. BOLD fMRI
statistical activation maps in this topographic plane can be compared directly to com-
plementary functional haemodynamic statistical maps from 2D-OIS. The underlying
micro-vasculature can be identiﬁed using optical imaging both inside the magnet
and outside (without the endoscope). The vessel maps can be used to warp histological
sections (see Fig. 3).
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that this tension level corresponds to a blood oxygen saturation of
∼50%. To further justify this choice of baseline oxygen saturation we
investigated the effect, on haemodynamic data, of varying Y0 in the
spectroscopic analysis between 30 and 90%. Subsequent data were
passed into a Monte Carlo of MR signal attenuation to estimate the
BOLD signal change at 7 T. Modelled BOLD signal changes peaked in
magnitude when Y0 was 50%. Varying the Y0 over a physiological
range (40–70%) had little effect on the BOLD signal magnitude (data
not shown). This is in agreement with lower ﬁeld simulations
(Kennerley et al., 2009) and supports the use of 50% as baseline Y0.
Baseline blood volume measurements were taken from vessel size
index data at 3 T (Kennerley et al., 2005, Tropres et al., 2001). For the
homogeneous tissue model we assumed that baseline blood volume
fraction was 6%, corresponding to 104 μM. In the heterogeneous
model we assumed 6% baseline blood volume fraction in the superﬁ-
cial cortical layers (0–1 mm) dropping to 4% in deeper layers and
white matter (1–10 mm).
Functional magnetic resonance imaging
Once the endoscope allowing 2D-OIS data capture within the
magnet core was attached above the cranium the magnet capsule
was inserted into the bore of a 7 Tesla magnet (Bruker BioSpecA-
vance, B/C 70/30 system) with pre-installed 12 channel RT-shim sys-
tem (B-S30) and ﬁtted with an actively shielded, 200 mm inner
diameter, water cooled, 3 coil gradient system (Bruker BioSpin MRI
GmbH B-GA20. 200 mT/m maximum strength per axis with 200 μs
ramps). A 1H quadrature volume resonator (Bruker 1P-T9561,
300 MHz, 1 kW max, outer diameter 200 mm/inner diameter
180 mm) was used for RF transmission and was actively decoupled
from the custom built surface coil. A tri-plane fast gradient echosequence running without phase encoding was used to ensure the
surface coil (and thus subject) was positioned at the magnet iso-
centre for maximum signal gain. Both resonators were tuned and
matched to 300 MHz using the Multlink 1H preampliﬁer with a
built-in tune/match display. Once the subject was well localised
ﬁeld shimming, off-resonance correction and RF gains were set and
a tri-plane sequence (with phase encoding) was performed for sub-
ject localisation. The resulting MR images were used to identify suit-
able coronal sections of the rat brain for high resolution gradient
echo (Fig. 2) scans (256*256 pixels, FOV=30 mm, slice thick-
ness=2 mm, TR/TE=1000/15 ms, ﬂip angle=90°, 2 averages). Fur-
ther high resolution transverse scans covering the dorsal surface of
the brain allowed accurate localisation of the rodent whisker barrel
cortex (2 mm back from the visible bregma line — Fig. 2). A single
oblique/topographic slice (covering the surface of the right hand cor-
tex and in a similar plane to OIS data — Fig. 2), was performed using
the same scan parameters as above.
Functional data were acquired from suitable topographic slices
using a single shot MBEST Gradient Echo — Echo Planar Imaging
(GE-EPI) sequence during electrical stimulation of the whisker pad
(raw data matrix=64*64, data sampling interval=5 μs, FOV=
30mm, slice thickness=2 mm, TR/TE=1000/12 ms, ﬂip angle 90°, 10
dummy scans). Read-out direction was left–right. Standard phase
correction (Bruder et al., 1992) was used to minimise Nyquist ghosting.
The BOLD signal was calculated as fractional change normalised by the
mean of a one minute preliminary baseline signal (see Experimental
design below).
Experimental design
Haemodynamic changes were induced by electrically stimulating
the left whisker pad at an intensity of 1.2 mA, and at a frequency of
5 Hz for 16 s. This stimulation frequency was chosen as it produces
the largest haemodynamic response in the somatosensory cortex of
anesthetised rodents whilst maintaining stable physiological parame-
ters (Martin et al., 2006). In all experiments an initial baseline of 60 s
was collected followed by thirty stimulation events each with an inter
stimulus interval (ISI) of 70 s. The BOLD signal was calculated as frac-
tional change normalised by the baseline mean, recorded during the
initial 60 s control period. All stimulus and optical imaging timing
control were performed using a CED1401 (using a Spike-CED, UK,
interface) which was triggered to start using a TTL pulse indicating
MR echo acquisition. Optical imaging data was set to be collected
for all stimulus trials with a 10 s baseline period and for a duration
of 70 s (covering the ISI). During spectral analysis 2D-OIS data is
collapsed across trials.
Data analysis
Both 2D-OIS and fMRI data analyses were conducted using Matlab
(The MathWorks Inc. USA). After GE-EPI to GE structural image regis-
tration all fMRI data were statistically analysed using the general
linear model (GLM) approach as in SPM (Friston et al., 1991).
The time series across each pixel was compared to a design matrix
of a representative boxcar haemodynamic response function, a ramp
and a DC offset. Activation z-scores were calculated on a voxel by
voxel basis. These scores were then superimposed on detailed struc-
tural scans to show active regions. Regions were positively and nega-
tively thresholded to include trials which produced an ‘active’ region
greater than ﬁve adjacent voxels, with a z-score for each voxel greater
than four (for positive BOLD) and less than minus two (for negative
BOLD). Time series of responses was taken as the mean across trials
and subjects for direct comparison with OIS data. OIS regions of pos-
itive and negative changes in Hb02, Hbr and Hbt, were found using






Fig. 3. Histology and functional activation maps. a) Post mortem histology showing
stained barrel cortex and overlying vasculature. b) The same section with the vascula-
ture removed. c) Live image of cortex outside of magnet allows easy visualisation of
vasculature or comparison to images taken inside the magnet through the endoscope.
d) BOLD fMRI SPM map showing positive BOLD changes in whisker barrel region and
negative BOLD changes in surrounding somatosensory cortex in response to electrical
stimulation of the whisker pad. e) Map of underlying HbT changes. f) Map of underly-
ing Hbr changes. Using vascular net it is possible to warp the live images to the post
mortem histology to overlay activation maps onto barrel stained sections for g) HbT
and h) Hbr. Images indicate ‘positive’ BOLD is located in whisker barrels; negative
BOLD in surrounding somatosensory cortex e.g. forepaw/hind paw.
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from either imaging modality.
In order to compare 2D-OIS and fMRI spatial maps we adopted the
following procedure. 2D-OIS measurement data of changes in Hbt and
Hbr were input into the MCS of MR signal attenuation to obtain
spatio-temporal predictions of the BOLD data. The spatial BOLD pre-
diction was then analysed using GLM with a box-car response
model (as above). These preliminary z-score maps were used to iden-
tify approximate regions of positive and negative BOLD containing
peak z-score values. Mean time series data from these regions were
subsequently used to reﬁne the design matrix. The 2D-OIS BOLD pre-
dictions and fMRI data (interpolated to 8 Hz) were analysed using
this temporal design model.
The parameter values corresponding to the magnitude of the pos-
itive and negative BOLD response were used as spatial map of the
predicted BOLD (from 2D-OIS data) and the fMRI BOLD response.
The fMRI BOLD map was smoothed using a 2D-Gaussian ﬁlter
(sigma=489μm corresponding to the FOV scale voxel). The prediction
mapwas sub-sampled to equivalent spatial resolution and cropped to a
region surrounding the active areas to form a template (no further ﬁl-
tering or smoothing other than the cubic interpolation intrinsic to
Matlab was used). This template was subsequently spatially correlated
with the normalised fMRI parameter map. The template was rotated
and translated to ﬁnd the maximum normalised correlation between
the prediction and measurement maps.
Cytochrome oxidase and photographic emulsion histology
After completion of the experimental paradigms n=7 rats under-
went cytochrome oxidase and photographic emulsion histology. This
histological method has been previously described in Zheng et al.
(2001) but a brief description is given here. Rats were transcardially
perfused with saline followed by a 4% paraformaldehyde and vessels
were ﬁlled with photographic emulsion (Jessops Ltd.). The right cortex
was removed and compressed to a thickness of 2 mm. The cortex was
then sectioned on a cryostat. A 200 μm thick slice was taken and includ-
ed all surface vessels. Subsequent sequential 50 μm slices were taken
from this point. Using a modiﬁed version of the procedure from
Wong-Riley andWelt (1980) the slices were placed in the dark in an in-
cubation medium (37 °C) to stain for cytochrome oxidase. The photo-
graphic emulsion containedwithin vesselswas developed post staining.
Images of the stained slices can be linearly warped to one another
where corresponding features are superimposed (Fig. 3a). The math-
ematical details of the warping have been described previously
(Zheng et al., 2001). Penetrating blood vessels are used as ﬁducial
markers between sections. Four matching points in each image de-
ﬁned an exact projection between the points; however, it was prefer-
able to use a larger number of corresponding points to calculate the
best (in least squares sense) projective transform. The surface section
acts as a base template. The section immediately below is warped to
ﬁt over the surface section and then the section containing the barrel
cortex (Fig. 3b) is warped to ﬁt over the previously warped second
section. The surface and warped barrel images are then superimposed
to create a barrel map on the surface of the cortex to compare with
the imaging results. For comparison with optical imaging results the
surface section containing the stained vasculature is warped (using
a similar method to that described above) to the vasculature seen in
the endoscope images (Fig. 3c). The same warping parameters
can then be applied to the histological section showing the stained
somatosensory barrels and haemodynamic z-score maps from 2D-
OIS superimposed to assess which cortical regions are active.
Results
We investigated the signal source of both the positive and nega-
tive BOLD fMRI signal changes using a biophysical model of BOLDwhich relates the fMRI signal to the underlying haemodynamics
(Martindale et al., 2008). We utilised a concurrent fMRI and 2D-OIS
methodology for data collection.
Topographic mapping
A representative topographic section BOLD signal statistical pa-
rameter map (superimposed onto a 256*256 GE-structural image)
of the right cortical hemisphere in response to electrical stimulation
(1.2 mA, 5 Hz, 16 s) of the left whisker pad is shown in Fig. 3d. We
found a statistically robust (z>4) evoked positive BOLD response
conﬁned to the whisker barrel ﬁeld. Anterior and medial to this re-
sponse we found a signiﬁcant (zb−2) negative BOLD response. The
concurrent maps of changes in total (HbT) and deoxygenated haemo-
globin (Hbr) are shown in Figs. 3e and f respectively. In the whisker
barrel cortex we found increases in HbT and decreases in Hbr. In
agreement with previous work (Kennerley et al., 2005), the major
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2001) whereas decreases in Hbr were located primarily in areas of
parenchyma. In areas anterior and medial to the whisker barrels we
found decreases in HbT and increases in Hbr, the later predominantly
generating the negative BOLD signal. Superimposing haemodynamic
maps onto histological sections (Figs. 3g–h) of the cortex showed
that the haemodynamics driving the negative BOLD were located in
regions corresponding to the forelimb, hind-limb and trunk regions
of the somatosensory cortex. Results were similar across all subjects
(n=10) in the present study.
The spatial concordance between fMRI and 2D-OIS data was
assessed by using the spatial 2D haemodynamic data in a Monte Carlo
simulation of MR signal attenuation as in Martindale et al. (2008). The
predicted BOLD signal was sub-sampled to the same spatial resolution
as the fMRI BOLD data as described in theMaterial andmethods section
(Fig. 4 shows results from 2 representative z-score maps). As can be
seen, for both positive and negative BOLD signal changes, there was
concordance betweenmeasured and predicted activation maps despite
differences in measurement resolution and technique.
The resolution of the BOLD fMRI EPI-data was insufﬁcient to
resolve the surface vasculature necessary for co-registration to the
predicted BOLD maps derived from the 2D-OIS data. We nevertheless
investigated the spatial correlation using the method described in the
















Fig. 4. Spatial predictions of BOLD from underlying haemodynamics for 2 representative anim
MR signal attenuation to predict the BOLD signal. The resulting BOLD prediction is subsampthe predicted BOLD GLM parameter map was warped with an afﬁne
transformation (uniform scale, translation and rotation) to the fMRI
BOLD parameter map. For combined parameter maps of both positive
and negative BOLD response the mean normalised correlation coefﬁ-
cient was 0.86 (±0.02). For the positive BOLD response alone the
mean normalised correlation coefﬁcient was 0.91 (±0.01). As
expected, as the SNR for the positive BOLD response is higher than
the negative BOLD response the negative only correlation was 0.78
(±0.02).
We can estimate the scaling factor from the inner diameter of the
RF coil (which forms the optical well) and the number of pixels span-
ning this diameter in the 2D-OIS images. The scaling factor to sub-
sample the 2D-OIS data to the same resolution as the fMRI data
should be of the order 0.18. The scale determined by the afﬁne trans-
formation to maximise spatial correlation was found to be 0.15.
Whether this is due to the intrinsic blurring of 2D-OIS, EPI distortions,
our choice of Gaussian smoothing of fMRI map, or more prosaic
causes (e.g. dental cement reducing the optical window) is uncertain.
On competition of future experiments utilising this concurrent 2D-
OIS and fMRI methodology, one can replace the D2O with H2O,
image the well directly with EPI sequences to better estimate this
scaling factor. Nevertheless it is clear from these results that there is











als. Spatial maps of changes in HbT and Hbr are input into a Monte Carlo simulation of
led so it can be directly compared to the concurrent fMRI data.
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Region of interest masking of threshold activation maps (whisker
and surrounding cortex) was used to obtain time series data from a
mixed region of arterioles, parenchyma and venules (Fig. 5). The aver-
age time series (mean across all subjects), of the BOLD fMRI signal
showed a positive signal change in the whisker barrel cortex in re-
sponse to electrical stimulation of the whisker pad (Fig. 5a). The re-
sponse peaked with a magnitude of ~3.5% at 4 s after stimulus onset,
falling to a plateau (~1.5%) which was maintained until stimulus offset.
In regions surrounding the whisker barrel cortex the time series
showed reliable negative BOLD peaking with a magnitude of ~−1%
at 8 s (Fig. 5a).Fig. 5. Time series data of a) positive and negative BOLD measured with fMRI, b) the conc
BOLD) region shows the ‘deoxy dip’ the surrounding cortical (negative BOLD) region do
and d) surrounding cortex/negative BOLD region is analysed with both heterogeneous and
Haemodynamic data is input into a MCS of MR signal attenuation to predict e) the positive
Predictions are for the extra-vascular space assuming a mean vessel radius between 3 and 20
ment between fMRI measurements and model predictions only when using the heterogeneConcurrent measurements of the underlying Hbr changes in both
the whisker barrel and surround cortex are shown in Fig. 5b. We
found a corresponding decrease and increase of Hbr levels in the
whisker barrel and surrounding cortical regions respectively. Each
inverted Hbr time series showed statistical Pearson product–moment
correlation (group data=0.97) with the observed BOLD signal
changes.
Concurrent haemodynamic time series from spectroscopic analy-
sis of 2D-OIS data using both a heterogeneous and commonly used
homogeneous tissue model for light transport through tissue are
shown in Figs. 5(c) and (d) for the whisker barrel cortex and sur-
rounding regions respectively. It is clear that the different tissue
models used for spectroscopic analysis have little effect on theurrent underlying Hbr measurements from both regions. The whisker barrel (positive
es not (insert). 2D-OIS haemodynamic data for c) the whisker barrel/positive BOLD
homogeneous tissue models. The former shows increased magnitude of Hbr changes.
BOLD and f) the negative BOLD using both hetero- and homogeneous tissue models.
μm (generating the prediction envelopes shown). For both regions we ﬁnd good agree-
ous tissue model in 2D-OIS spectral analysis.
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Fig. 6. Direct comparison of haemodynamic time series (HbT and Hbr) from a) the
whisker barrel region and b) the surrounding cortex to equivalent data from Boorman
et al. (2010). Data has been normalised as Boorman et al. (2010) did not analyse
the 2D-OIS data with improved tissue models. Furthermore, in that study fMRI and
2D-OIS were not performed concurrently so one could argue that the measured
haemodynamics did not lead to a negative BOLD signal. We ﬁnd that our normalised
haemodynamic responses show similar transients to their 2D-OIS data. In the current
study we have explicitly shown that such haemodynamic changes lead to a sustained
negative BOLD signal, and thus our data adds more support to their hypothesis that
the deep layer negative BOLD is driven by deep layer decreases in neuronal activity.
17A.J. Kennerley et al. / NeuroImage 61 (2012) 10–20temporal transients of the resulting haemodynamics (Kennerley et
al., 2009); but seriously affect the magnitude of response changes.
We show direct evidence that the negative BOLD response is a product
of increased Hbr and decreased HbT changes — contrasting with
the haemodynamic response driving the positive BOLD signal (in the
whisker barrel cortex).
2D-OIS haemodynamic time series data of HbT and Hbr changes
were input into a Monte Carlo simulation of MR signal attenuation
(Martindale et al., 2008) to estimate corresponding changes in BOLD
signal. Both the hetero- and homogenous tissue model predictions
were evaluated. BOLD signal estimates derived from the 2D-OIS
data were directly compared to the concurrently measured BOLD
fMRI signal changes in both the whisker barrel cortex (Fig. 5e) and
surrounding cortex (Fig. 5f). Predictions were of the extra-vascular
space assuming a mean vessel radius between 3 and 20 μm (Pawlik
et al., 1981); generating the prediction envelope shown in the ﬁgures.
Tissue model evaluation
For both the whisker barrel and surround cortex we found good
agreement (within standard error) between both positive (Fig. 5e)
and negative (Fig. 5f) BOLD fMRI measurements and model predic-
tions when using the heterogeneous tissue model in 2D-OIS spectral
analysis. Both the transients and amplitude of response were cap-
tured by the model. In contrast, 2D-OIS analysis using a homogeneous
tissue model, although showing similar transients, signiﬁcantly
under-estimated the magnitude of both the positive and negative
BOLD fMRI signal changes. This data supports the use of more detailed
MR pre-parameterised tissue models for the analysis of 2D-OIS data
(Strangman et al., 2002).
Discussion
The present study investigated the haemodynamic response un-
derlying the BOLD signal through utilisation of concurrent 2D-OIS
and high ﬁeld 7 Tesla fMRI methods. We observed a robust positive
BOLD response in the whisker somatosensory barrel cortex. In sur-
rounding cortical areas we found a reliable negative BOLD signal.
We used 2D-OIS haemodynamic measurements in a Monte Carlo sim-
ulation of MR signal attenuation in an attempt to model the concur-
rently measured BOLD fMRI signal. When optical imaging data is
analysed with an MR parameterised heterogeneous tissue model
(Kennerley et al., 2009) can we reliably predict the temporal dynam-
ics and magnitude of the concurrent positive and negative BOLD fMRI
signal changes in the whisker barrel and surrounding cortex respec-
tively. Despite the negative BOLD response occurring at a greater
depth in the cortex than the positive BOLD response (Boorman et
al., 2010), data presented here show that optical imaging spectrosco-
py with an appropriate heterogeneous tissue model can be used to in-
vestigate the negative BOLD phenomenon.
The prediction errors were slightly greater for the negative BOLD
than the positive BOLD (Figs. 5e and f). This may be due to either
i) negative BOLD occurring at the limit of the depth sensitivity for
2D-OIS, ii) ‘weakness’ in the MR MCS or a combination of both.
Depth sensitivity
Results from Boorman et al. (2010), using the same rodent model,
show neuronal activity and resulting negative BOLD peaks at 1.3 mm
cortical depth. This is close to the limit of sensitivity of 2D-OIS using
the visible wavelengths using homogeneous tissue models. The
heterogeneous tissue model was designed to improve estimations of
the haemodynamic as a function of cortical depth (Kennerley et al.,
2009).
The heterogeneous model (and spectroscopy algorithm) cannot
selectively exclude superﬁcial layers, it can only be biased to respondproportionally more to deeper changes. In contrast, if biased towards
the superﬁcial layers the resulting data would have reduced contribu-
tion from changes in deeper cortical layers. Currently this bias is
relatively coarse; splitting the tissue model into only 5 layers (see
Kennerley et al., 2009).
Nevertheless, using the prior that neuronal activity driving the
negative BOLD is predominantly in the deeper cortical layers we can
bias the spectroscopy algorithm to be more sensitive to changes in
the deeper layers of the cortex. Fig. 7 shows that the heterogeneous
model gives a better prediction of the time series of negative fMRI-
BOLD signal. This can be seen from the fact that the heterogeneous
model gradient is very close to 1. The correlation of the prediction
to measurements is both very high (with different tissue models)
which implies that the effect of the heterogeneous tissue model is
primarily one of scaling.
Detailed quantiﬁcation of the depth sensitivity of the heteroge-
neous tissue model would require improved estimates of the 3D
distribution of scattering and absorption across more cortical layers
and thus is beyond the scope of this paper and is on-going research.
However, Figs. 5(e) and 7 show how the use of parameterised
depth sensitivity of tissue parameters for the analysis of spectroscopic
data improves the ﬁt between the predicted and measured BOLD
signals. Results therefore suggest that 2D-OIS can be used in the
investigation of the negative BOLD phenomenon if one includes a
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Fig. 7. Correlation plot of predicted negative BOLD against measured fMRI negative
BOLD. Negative data points from the mean times series across animals are plotted for
both the 2D-OIS homogeneous (blue) and heterogeneous (red) tissue model time
series predictions. For both tissue models there is a high correlation between predic-
tion and measured BOLD (0.95). However, the gradient of heterogeneous tissue
model (1.08) predictions overlap the 1:1 relationship, in contrast to the gradient of
the homogeneous tissue model (0.71) which consistently under-estimates the magni-
tude of the BOLD response.
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At the current fMRI single shot EPI resolution (~500μm2 in plane)
our data showed that it is sufﬁcient to use a single homogeneous-
voxel (representing parenchyma with a mean vessel radius 3–20μm:
Pawlik et al., 1981) MCS of MR signal attenuation to map both the
meanpositive and negative BOLD from the underlying haemodynamics.
Recent studies using optical coherence tomography with confocal
phosphorescence (Yaseen et al., 2011) demonstrate haemodynamic
and oxygenation changes in larger vessels (up to 150 μm) than
those used as our range in the MCS of MR signal attenuation. Howev-
er, this range only acts a parameterisation of the tissue vasculature
within an fMRI voxel (~400*400*2000 μm in this study) for the
MCS. Any large vessels (up to 150um) only form a small fraction of
the voxel volume. Thus, this would only increase the ‘mean’ vessel ra-
dius towards the higher limit of our applied range. Furthermore, the
MCS of Boxerman et al. (1995), repeated by Martindale et al.
(2008), clearly demonstrate that at vessel radii above 15 μm there is
a little change in the Gradient Echo MR signal. Hence the range ap-
plied in this study would be adequate to account for these large ves-
sels if they did form a more signiﬁcant proportion of the voxel.
With the improved spatial resolution of parallel MR imaging tech-
niques it may be necessary to reﬁne the MCS to include a 3D hetero-
geneous model of the brain tissue. The improved spatial resolution of
parallel imaging may allow investigation of the BOLD signal in differ-
ent vascular compartments which would require different physiolog-
ical variables (e.g. baseline blood volume fraction, oxygen saturation,
vessel size etc.) and intra and extra vascular (IV/EV) signal propor-
tions. At a ﬁeld strength of 7 T and for small capillary sized vessels
(~3 μm radius), where negative BOLD originates, 7% of the BOLD
fMRI signal is from the IV space (Martindale et al., 2008). Our current
BOLD signal predictions, though extra-vascular, are sufﬁcient at the
current imaging resolution where we can only assume a mixed vascu-
lar region.
Neuronal origin of negative BOLD
Boorman et al. (2010) hypothesised that the deep layer negative
BOLDwas driven by deep layer decreases in neuronal activity. However,
in that study fMRI and 2D-OIS were not performed concurrently. In
that study they did concurrent electrophysiology and 2D-OIS and com-
pared data to coronal fMRI from a different set of subjects. We found
that our normalised haemodynamic responses showed very similartransients to their 2D-OIS data (Fig. 6). As we have now explicitly
shown that such haemodynamic changes lead to a negative BOLD sig-
nal, the current data adds more support to their proposal regarding
the neuronal origin of the negative BOLD.
Transients
Early increases in the concentration of Hbr at stimulus onset are
thought to reﬂect the focal, capillary level, increases in CMRO2 (due
to increased neuronal activity) before the larger surrounding blood
vessels have dilated (Malonek and Grinvald, 1996, Mayhew et al.,
2000). We observed an initial increase in Hbr levels in the whisker
barrel cortical region following stimulus onset (Fig. 5b). A corre-
sponding BOLD ‘initial dip’ was not observed in the fMRI time series
(Fig. 5a). The absence of the BOLD initial dip is a direct consequence
of low SNR and a 1 s TR, which is too long to capture this fast Hbr
response. Future experiments with a shorter TR may more readily
reveal the BOLD initial dip, but may also induce inﬂow effects into
the fMRI data.
Under the assumption that the negative BOLD reﬂects decreases in
neuronal activity, one may expect a decrease in Hbr levels in the sur-
rounding cortical regions as CMRO2 decreases at stimulus onset.
Interestingly, no biphasic behaviour in the Hbr response was ob-
served in the surrounding cortical regions displaying negative BOLD
signal changes.
Following stimulus offset and return to baseline conditions one
may expect to observe a BOLD post-stimulus undershoot (Buxton et
al., 1998, Dechent et al., 2011, Kruger et al., 1996, Mandeville et al.,
1999, Yacoub et al., 2006, Zhao et al., 2007) The physiological source
of the undershoot is attributed to elevated CMRO2 (Kruger et al.,
1996), cerebral blood ﬂow undershoots (Uludag et al., 2004) and/or
delayed vessel compliance (Kong et al., 2004). Our data adds further
to the conﬂicting evidence for this phenomenon, in the whisker barrel
cortex we observe a post-stimulus ‘overshoot’ of ~1% BOLD in the
whisker barrel cortex. The measured ‘overshoot’ is predicted from
the underlying haemodynamics. We also observe the ‘overshoot’ in
cortical areas which previously displayed a negative BOLD signal
change during stimulation. Although this unexpected temporal
dynamic could be a direct consequence of using Urethane anaesthetic
in the rat model, it is nether-the-less interesting and requires further
studies speciﬁcally aimed at the investigation of the source of this
‘overshoot’.
Conclusion
We demonstrated the use of concurrent high ﬁeld (7 T) fMRI
and visible light 2D-OIS for the investigation of the haemodynamic
response underlying the BOLD signal. We showed that despite the
deep cortical origin of the negative BOLD response, if an appropriate
heterogeneous tissue model is used in the spectroscopic analysis,
2D-OIS can be used to investigate this phenomenon. 2D-OIS data is
recorded with high temporal and spatial resolution and offers a
much cheaper option than fMRI for the investigation of the negative
BOLD in the animal model. Furthermore it is more readily combined
with electrophysiology (Harris et al., 2010; Kennerley et al., 2012)
for investigations of neurovascular coupling.
This concurrent technology could be used for the investigation of
other fMRI signal types. It would be possible to use this concurrent
setup to measure (with fMRI) 3D cerebral blood volume or ﬂow
changes using VASO-MRI (Lu et al., 2003) and ASL (Wong et al.,
1997) respectively and compare measurements in the cortex to
the concurrent complementary haemodynamic as measured with
2D-OIS. This may be useful in helping parameterise these less estab-
lished fMRI techniques for use in quantitative BOLD fMRI. The tech-
nology could also be important in any pre-clinical animal models of
disease. Without the concurrent and complementary optical imaging
19A.J. Kennerley et al. / NeuroImage 61 (2012) 10–20measurements, abnormal BOLD signal changes could, at best, be difﬁ-
cult to interpret and, at worst, lead researchers to draw completely
wrong conclusions from their data. BOLD fMRI imaging has revolutio-
nised cognitive neuroscience research but now more than ever it
needs complementary technologies to provide additional information
to help understand what the BOLD signal changes mean especially
in the context of disease where the less well understood negative
BOLD signal may dominate.Acknowledgments
We gratefully acknowledge support from the Medical Research
Council, Wellcome Trust and NIH. We thank the technical staff of
the lab (Marion Simkins & Natalie Kennerley) for their assistance. A
special thank you is extended to Mr Michael Port for construction of
all the Perspex components required for the concurrent fMRI and
2D-OIS experimental method.References
Alonso Bde, C., Lowe, A.S., Dear, J.P., Lee, K.C., Williams, S.C., Finnerty, G.T., 2008. Sensory
inputs from whisking movements modify cortical whisker maps visualized with
functional magnetic resonance imaging. Cereb. Cortex 18, 1314–1325.
Berwick, J., 2005. Neurovascular coupling investigated with 2-dimensional optical
imaging spectroscopy in rat whisker barrel cortex. Eur. J. Neurosci. 22 (7),
1655–1666.
Boorman, L., Kennerley, A.J., Johnston, D., Jones, M., Zheng, Y., Redgrave, P., Berwick,
J., 2010. Negative blood oxygen level dependence in the rat: a model for investi-
gating the role of suppression in neurovascular coupling. J. Neurosci. 30 (12),
4285–4294.
Boxerman, J.L., Bandettini, P.A., Kwong, K.K., Baker, J.R., Davis, T.L., Rosen, B.R.,
Weisskoff, R.M., 1995. The intravascular contribution to fMRI signal change:
Monte Carlo modeling and diffusion-weighted studies in vivo. Magn. Reson. Med.
34, 4–10.
Bruder, H., Fischer, H., Reinfelder, H.E., Schmitt, F., 1992. Image reconstruction for echo
planar imaging with nonequidistant k-space sampling. Magn. Reson. Imaging 23.
Buxton, R.B., Wong, E.C., Frank, L.R., 1998. Dynamics of blood ﬂow and oxygenation
changes during brain activation: the balloon model. Magn. Reson. Med. 39,
855–864.
Chance, B., 1991. Optical method. Annu. Rev. Biophys. Chem. 20, 1–28.
Dechent, P., Schutze, G., Helms, G., Merboldt, K.D., Frahm, J., 2011. Basal cerebral blood
volume during the poststimulation undershoot in BOLD MRI of the human brain. J.
Cereb. Blood Flow Metab. 31, 82–89.
Friston, K.J., Frith, C.D., Frackowiak, R.S.J., 1991. Comparing functional (PET) images:
the assessment of signiﬁcant change. J. Cereb. Blood Flow Metab. 11, 690–699.
Golanov, E.V., Yamamoto, S., Reis, D.J., 1994. Spontaneous waves of cerebral blood ﬂow
associated with a pattern of electrocortical activity. Am. J. Physiol. 266, R204–R214.
Gray, L.H., Steadman, J.M., 1964. Determination of the oxyhaemoglobin dissociation
curves for mouse and rat blood. J. Physiol. 175, 161–171.
Grinvald, A., Frostig, R.D., Siegel, R.M., Bartfeld, E., 1991. High-resolution optical imag-
ing of functional brain architecture in the awake monkey. Proc. Natl. Acad. Sci. U. S.
A. 88, 11559–11563.
Grinvald, A., Shoham, D., Shmuel, A., Glaser, D., Vanzetta, I., Shtoyerman, E., Slovin, H.,
Sterkin, A., Wijnbergen, C., Hildesheim, R., Arieli, A., 2001. In-vivo optical imaging
of cortical architecture and dynamics. In: Windhorst, U., Johansson, H. (Eds.),
Modern Techniques in Neuroscience Research. Springer Verlag.
Harel, N., Lee, S.P., Nagaoka, T., Kim, D.S., Kim, S.G., 2002. Origin of negative blood
oxygenation level-dependent fMRI signals. J. Cereb. Blood Flow Metab. 22,
908–917.
Harris, S., Jones, M., Zheng, Y., Berwick, J., 2010. Does neural input or processing
play a greater role in the magnitude of neuroimaging signals? Front Neuro-
energetics 2.
Jones, M., Berwick, J., Johnston, D., Mayhew, J., 2001. Concurrent optical imaging spec-
troscopy and laser-Doppler ﬂowmetry: the relationship between blood ﬂow, oxy-
genation, and volume in rodent barrel cortex. Neuroimage 13, 1002–1015.
Kastrup, A., Baudewig, J., Schnaudigel, S., Huonker, R., Becker, L., Sohns, J.M., Dechent,
P., Klingner, C., Witte, O.W., 2008. Behavioral correlates of negative BOLD signal
changes in the primary somatosensory cortex. Neuroimage 41, 1364–1371.
Kennerley, A.J., Berwick, J., Martindale, J., Johnston, D., Papadakis, N., Mayhew, J., 2005.
Concurrent fMRI and optical measures for the investigation of the haemodynamic
response function. Magn. Reson. Med. 54, 354–365.
Kennerley, A.J., Berwick, J., Martindale, J., Johnston, D., Zheng, Y., Mayhew, J.E., 2009.
Reﬁnement of optical imaging spectroscopy algorithms using concurrent BOLD
and CBV fMRI. Neuroimage 47, 1608–1619.
Kennerley, A.J., Harris, S., Bruyns-Haylett, M., Boorman, L., Zheng, Y., Jones, M., Berwick,
J., 2012. Early and late stimulus-evoked cortical hemodynamic responses provide
insight into the neurogenic nature of neurovascular coupling. J. Cereb. Blood
Flow Metab 32, 468–480.Kong, Y., Zheng, Y., Johnston, D., Martindale, J., Jones, M., Billings, S., Mayhew, J., 2004. A
model of the dynamic relationship between blood ﬂow and volume changes
during brain activation. J. Cereb. Blood Flow Metab. 24, 1382–1392.
Kruger, G., Kleinschmidt, A., Frahm, J., 1996. Dynamic MRI sensitized to cerebral blood
oxygenation and ﬂow during sustained activation of human visual cortex. Magn.
Reson. Med. 35, 797–800.
Kwong, K.K., Belliveau, J.W., Chesler, D.A., Goldberg, I.E., Weisskoff, R.M., Poncelet, B.P.,
Kennedy, D.N., Hoppel, B.E., Cohen, M.S., Turner, R., et al., 1992. Dynamic magnetic
resonance imaging of human brain activity during primary sensory stimulation.
Proc. Natl. Acad. Sci. U. S. A. 89, 5675–5679.
Lee, S.P., Duong, T.Q., Yang, G., Iadecola, C., Kim, S.G., 2001. Relative changes of cerebral
arterial and venous blood volumes during increased cerebral blood ﬂow: implica-
tions for BOLD fMRI. Magn. Reson. Med. 45, 791–800.
Lu, H., Golay, X., Pekar, J.J., van Zijl, P.C.M., 2003. Functional magnetic resonance
imaging based on changes in vascular space occupancy. Magn. Reson. Med. 50,
263–274.
Malonek, D., Grinvald, A., 1996. Interactions between electrical activity and cortical
microcirculation revealed by imaging spectroscopy: implications for functional
brain mapping. Science 272, 551–554.
Malonek, D., Dirnagl, U., Lindauer, U., Yamada, K., Kanno, I., Grindvald, A., 1997. Vascu-
lar imprints of neuronal activity: relationships between the dynamics of cortical
blood ﬂow, oxygenation and volume changes following sensory stimulation.
Proc. Natl. Acad. Sci. U. S. A. 94, 14826–14831.
Mandeville, J.B., Marota, J.J., Ayata, C., Zaharchuk, G., Moskowitz, M.A., Rosen, B.R.,
Weisskoff, R.M., 1999. Evidence of a cerebrovascular post-arteriole windkessel
with delayed compliance. J. Cereb. Blood Flow Metab. 19, 679–689.
Martin, C., Berwick, J., Johnston, D., Zheng, Y., Martindale, J., Port, M., Redgrave, P.,
Mayhew, J., 2002. Optical imaging spectroscopy in the unanaesthetised rat. J. Neu-
rosci. Methods 120, 25–34.
Martin, C., Martindale, J., Berwick, J., Mayhew, J., 2006. Investigating neural-
hemodynamic coupling and the hemodynamic response function in the awake
rat. Neuroimage 32 (1), 33–48.
Martindale, J., Kennerley, A.J., Johnston, D., Zheng, Y., Mayhew, J.E., 2008. Theory and
generalization of Monte Carlo models of the BOLD signal source. Magn. Reson.
Med. 59, 607–618.
Mayhew, J., Zheng, Y., Hou, Y., Vuksanovic, B., Berwick, J., Askew, S., Coffey, P., 1999.
Spectroscopic analysis of changes in remitted illumination: the response to in-
creased neural activity in brain. Neuroimage 10, 304–326.
Mayhew, J., Johnston, D., Berwick, J., Jones, M., Coffey, P., Zheng, Y., 2000. Spectroscopic
analysis of neural activity in brain: increased oxygen consumption following acti-
vation of barrel cortex. Neuroimage 12, 664–675.
Nakai, M., Maeda, M., 1999. Scopolamine-sensitive and resistant components of in-
crease in cerebral cortical blood ﬂow elicited by periaqueductal gray matter of
rats. Neurosci. Lett. 270, 173–176.
Nemoto, M., Nomuraa, Y., Tamura, M., Sata, C., Houkin, K., Abe, H. (Eds.), 1997. Optical
Imaging and Measuring of Local Hemoglobin Concentration and Oxygenation
Changes during Somatosensory Stimulation in Rat Cerebral Cortex. Plenum Press,
New York.
Ogawa, S., Tank, D.W., Menon, R., Ellerman, J.M., Kim, S., Merkle, H., Ugurbil, K., 1992.
Intrinsic signal changes accompanying sensory stimulation: functional brain
mapping with magnetic resonance imaging. Proc. Natl. Acad. Sci. U. S. A. 89,
5951–5955.
Pasley, B.N., Inglis, B.A., Freeman, R.D., 2007. Analysis of oxygen metabolism implies a
neural origin for the negative BOLD response in human visual cortex. Neuroimage
36, 269–276.
Pauling, L., Coryell, C., 1936. The magnetic properties and structure of hemoglobin.
Proc. Natl. Acad. Sci. U. S. A. 22, 210–216.
Pawlik, G., Rackl, A., Bing, R.J., 1981. Quantitative capillary topography and blood ﬂow in
the cerebral cortex of cats: an in vivo microscopic study. Brain Res. 208, 35–58.
Sakadzic, S., Roussakis, E., Yaseen, M.A., Mandeville, E.T., Srinivasan, V.J., Arai, K.,
Ruvinskaya, S., Devor, A., Lo, E.H., Vinogradov, S.A., Boas, D.A., 2010. Two-photon
high resolution measurement of partial pressure of oxygen in cerebral vasculature
in tissue. Nat. Methods 7 (9), 755–759.
Shmuel, A., Yacoub, E., Pfeuffer, J., Van de Moortele, P.F., Adriany, G., Hu, X., Ugurbil,
K., 2002. Sustained negative BOLD, blood ﬂow and oxygen consumption
response and its coupling to the positive response in the human brain. Neuron
36, 1195–1210.
Shmuel, A., Augath, M., Oeltermann, A., Logothetis, N.K., 2006. Negative functional MRI
response correlates with decreases in neuronal activity in monkey visual area V1.
Nat. Neurosci. 9, 569–577.
Smith, A.T., Williams, A.L., Singh, K.D., 2004. Negative BOLD in the visual cortex: evi-
dence against blood stealing. Hum. Brain Mapp. 21, 213–220.
Strangman, G., Culver, J.P., Thompson, J.H., Boas, D.A., 2002. A quantitative comparison
of simultaneous BOLD fMRI and NIRS recordings during functional brain activation.
Neuroimage 17, 719–731.
Tropres, I., Grimault, S., Vaeth, A., Grillon, E., Julien, C., Payen, J.F., Lamalle, L., Decorps,
M., 2001. Vessel size imaging. Magn. Reson. Med. 45, 397–408.
Uludag, K., Dubowitz, D.J., Yoder, E.J., Restom, K., Liu, T.T., Buxton, R.B., 2004. Coupling
of cerebral blood ﬂow and oxygen consumption during physiological activation
and deactivation measured with fMRI. Neuroimage 23, 148–155.
Vovenko, E., 1999. Distribution of oxygen tension on the surface of arterioles, capil-
laries and venules of brain cortex and in tissue in normoxia: an experimental
study on rats. Pﬂugers Arch. 437, 617–623.
Weisskoff, R.M., Kiihne, S., 1992. MRI susceptometry: image-based measurement of
absolute susceptibility of MR contrast agents and human blood. Magn. Reson.
Med. 24, 375–383.
20 A.J. Kennerley et al. / NeuroImage 61 (2012) 10–20Wong, E.C., Buxton, R.B., Frank, L.R., 1997. Implementation of quantitative perfusion
imaging techniques for functional brain mapping using pulsed arterial spin label-
ing. NMR Biomed. 10, 237–249.
Wong-Riley, M., Welt, C., 1980. Histochemical changes in cytochrome oxidase of cortical
barrels after vibrissal removal in neonatal and adult mice. Proc. Natl. Acad. Sci. U. S. A.
77, 2333–2337.
Yacoub, E., Ugurbil, K., Harel, N., 2006. The spatial dependence of the poststimulus un-
dershoot as revealed by high-resolution BOLD- and CBV-weighted fMRI. J. Cereb.
Blood Flow Metab. 26, 634–644.Yaseen, M.A., Srinivasan, V.J., Sakadzic, S., Radhakrishnan, H., Gorczynska, I., Wu, W.,
Fujimoto, J., Boas, D., 2011. Microvascular oxygen tension and ﬂow measurements
in rodent cerebral cortex during baseline conditions and functional activation. J.
Cereb. Blood Flow Metab. 31, 1051–1063.
Zhao, F., Jin, T., Wang, P., Kim, S.G., 2007. Improved spatial localization of
post-stimulus BOLD undershoot relative to positive BOLD. Neuroimage 34,
1084–1092.
Zheng, Y., Johnston, D., Berwick, J., Mayhew, J., 2001. Signal source separation in the
analysis of neural activity in brain. Neuroimage 13, 447–458.
